In this work, the three-dimensional elemental distribution profile within the freshwater crustacean Ceriodaphnia 2 dubia was constructed at a spatial resolution down to 5 µm via a data fusion approach employing state-of-the-3 art laser ablation-inductively coupled plasma-time-of-flight mass spectrometry (LA-ICP-TOF-MS) and 4 laboratory-based absorption micro-computed tomography (µ-CT). C. dubia was exposed to elevated Cu, Ni and 5
Introduction 18
Multimodal registration is a process in which the spatial positions of pixels or voxels of different sets of image 19 data from multiple modalities are transformed in one coordinate system based on the relative position of similar 20 features or intensity distributions within the images. Multimodal (co-)registration approaches have, for example, 21 been utilized in neuroimaging via imaging mass spectrometry (IMS) for the automated alignment of the 22 molecular ion images relative to i) anatomic brain atlases, e.g., the Allen Brain Atlas, or ii) relative to 23 histochemical microscopy information. [1] [2] [3] [4] [5] The registration of multiple modalities allows one to generate a multi-24 channel image in which correlations between modalities can be clearly demonstrated. 6 In serial 3D IMS, 3D 25 molecular ion distributions are reconstructed from serially imaged sections. In the reconstruction, molecular ion 26 images of adjacent sections are stacked and aligned through registration to reflect the true 3D morphology in 27 the sample. A similar approach has been proposed for laser ablation-inductively coupled plasma-mass 28 spectrometry (LA-ICPMS), an elemental probe characterized by limits of detection at the sub-−1 level, a 29 lateral resolution down to 1 and relatively simple mass spectra that permit one to immediately draw 30 qualitative and even semi-quantitative conclusions. 7, 8 Multimodal registration can also be applied in serial 3D 31 IMS; the registration of matrix-assisted laser desorption/ionization (MALDI) IMS images to positron emission 32 tomography (PET), computed tomography (CT), single-photon emission CT (SPECT) or (functional) magnetic 33 resonance imaging (MRI) images has been proposed for 3D medical imaging. 6, [9] [10] [11] These macroscale multimodal 3D imaging techniques such as CT and MRI are typically used to describe the internal morphology of a sample, 37 as light microscopy techniques encounter difficulties in providing an accurate description of internal structures 38 of the sample even when its outer surface is transparent due to the presence of distortions and non-described 39 features outside of the field of vision. High-performance laser ablation-inductively coupled plasma-time-of-40 flight mass spectrometry (LA-ICP-TOF-MS) setups offer high sample throughput and lateral resolutions in the 41 order of a few µm. 12, 13 In this work, we describe and demonstrate a multimodal registration methodology to 42 obtain the 3D elemental distribution of a small crustacean Ceriodaphnia dubia via alignment of a set of 2D 43 element distribution images using a 3D micro-absorption CT dataset. This methodology, relying on serial 44 sectioning, can be applied to other (molecular and elemental) 3D imaging methods. Typically, quantification in 45 LA-ICPMS via external calibration is based on the signal of a single nuclide in the spectrum. Within the mass 46 spectra provided by the LA-ICP-TOF-MS set-up, however, a signal for each isotope of an element is available. 47
As there is a small variance in the natural isotopic composition of the elements, the signals of these isotopes can 48 be considered as redundant information. In this work, multiple calibrated mass channels within the LA-ICP-49 TOF-MS mass spectrum, belonging to the isotopes of a single element, were integrated to produce more robust 50 elemental imaging data. Segmentation of the 3D LA-ICPMS dataset was demonstrated as, in contrast to 51 MALDI-IMS where segmentation has been established in the form of atlas-based correlation-based querying, 52 few examples are available for LA-ICPMS. 14,15 53 54 C. dubia was chosen as a study object in the context of this study for the following reasons: (i) the organism's 55 overall size allows the entire organism to be imaged within a reasonable time span of approx. 24 h for the highest 56 lateral resolutions available on state-of-the-art instrumentation, (ii) C. dubia is a well-documented water flea 57 genus which is frequently deployed to evaluate acute and chronic effects of metal exposure, which makes its 3D 58 metal distributions of high interest to the field of aquatic toxicology, (iii) there are several highly intricate 59 ARTICLE Analytical Chemistry 4 | Analytical Chemistry, 2017, 00, 1-3 e.g., Cu, Ni and Zn on the overall uptake efficiency, chronic toxicity, and tissue-specific distribution are still 71 under active investigation; a chronic metal mixture bioavailability model has been proposed. 19 72 73
Experimental section part 1 / Materials and Methods

74
Sample preparation. A monoclonal stock culture of 25 specimens of juvenile Ceriodaphnia dubia (C. dubia), 75 72 h old, was provided by the Environmental Toxicology Unit, Ghent University, Belgium (Supporting 76 information). Juveniles (<24 h old) were exposed to a mixture containing 9.4 µg L -1 of dissolved Cu, 3.9 µg L -77 1 of dissolved Ni and 25.2 µg L -1 of dissolved Zn (realistic values for European stream water, as recorded in the 78 FOREGS repository). 20 Each specimen was isolated and transferred into a separate well of a well plate using a 79
Pasteur pipette (Figure 1 , step A). Each specimen underwent a 1 h primary fixation using a formaldehyde (4%, 80 EM-grade) and glutaraldehyde (2.5%, EM-grade) fixative solution in 0.1 M Na cacodylate buffer in a vacuum 81 chamber and was subsequently left rotating for 3 h at room temperature. This fixative solution was renewed and 82 the specimens were left rotating overnight at 4 °C. After washing, the sample was dehydrated through a graded 83 ethanol series towards 100% dried ethanol, including a bulk staining with 1% uranyl acetate 84 (UO2(CH3COO)2·2H2O) at the 50% ethanol step followed by embedding in Spurr's resin ( Figure 1, step B) . 85
For µ-CT analysis (Figure 1 , step C), the resin block was trimmed to a cuboid shape with a cross-section of 86 approx. 600 × 800 2 , outlining the sample exterior. The excess of resin was removed in order to minimize 87 X-ray scatter, resulting in an improved signal-to-noise ratio for the reconstructed µ-CT image. For LA-ICPMS 88 analysis ( Figure 1 and Technology, Gaithersburg, MD, USA) to achieve high sensitivities for 24 Mg + , 89 upsampling to 282 × 59 × 248 × 220 data points prior to registration, while the CT image was downsampled 178 to 395 × 248 × 220 data points such that the XY dimensions of the voxels match those in the LA-ICPMS 179 dataset (2.5 × 2.5 2 ). It is not possible to accurately derive X-ray absorption -a pseudo-quantized local 180 material density correlating with electron density -based on a partially known elemental distribution in the case 181 of polychromatic CT, as insufficient information is available to characterize all photoionization and scattering 182 effects. Multimodal registration based on a limited collection of endogenous elements within the tissue is hence 183 very difficult due to the absence of a correlation between the distribution of these elements and the electron 184 density. A uranyl acetate stain, which deeply penetrates the sample, was applied upon the C. dubia specimen 185 (Materials and Methods section). The 238 U contained within the stain was detected with high accuracy and 186 sensitivity in LA-ICPMS imaging as a result of the low background levels and absence of spectral interferences 187 at the heavy end of the mass spectrum. Due to the large total absorption cross-section for U (expressed in 188 multiple calibrated mass channels in the mass spectrum corresponding to the isotopes of a single element to 197 produce elemental images with an improved signal-to-noise ratio. A total of 46 nuclides of 20 elements (Mg, 198 Al, P, K, Ca, Cr, Mn, Fe, Ni, Cu, Zn, Ga, Sr, Ag, Cd, In, Ba, Tl, Pb, and U) were selected from the data based 199 on known spectral interferences from isobaric, polyatomic and doubly charged ions or from the low abundance 200 sensitivity (spectral overlap by peak tailing). The mass channels albeit slightlyrelative to most data available from individual mass channels ( Figure 2D ). The data are also 228 more robust: if one isotope skews the result, the skew will be mediated by other isotopes. Information on 229 individual nuclides is lost in the MIE process. slices. When the plane in which the sample is sliced, is not perpendicular to a symmetry plane of the sample 240 (e.g., in the axial direction), SSR will force features to be aligned along the vertical axis. The information about 241 the curvature of the sample object along its boundary orthogonal to the cutting plane is lost in the cutting 242 process. 6 This known problem is exposed in this experiment: the central axis of the sample is located in a plane, 243 tilted relative to the cutting plane. As a result, the SSR fails to mimic the orientation of the sample ( Figure 3A) . 244
With multimodal registration via CSR, however, the orientation during CT imaging is mirrored, and a correct 245 reconstruction is obtained, even without the use of artificial fiducial markers included within the embedding processed with the IDL programming-data visualization software (Harris corp., Florida, US). In order to 262 generate elemental isosurfaces, thresholds were set in such a manner that optimal distinction could be made 263 between the tissue and surrounding air (Figure 4 ). Mn could be clearly correlated to the region of 264 hepatopancreas, gut, and eggs, whereas Fe and Zn were also clearly present within the osmoregulatory tissue. The interactive effects of metal mixtures are highly dependent on the pH of the medium. 31 Previously, Ni, Cu, 291
and Zn have been shown to act antagonistically on reproductive toxicity. 19,31-33 However, it remains yet unclear 292 if the interactions observed can be linked with uptake or distribution patterns. Interactions between, Cu, Ni, and 293
Zn cannot be directly derived from a single sample, yet the metal-specific storage sinks can be identified. In this 294 experiment, trophic transfers of metal accumulation, i.e. incorporation of metals through the food source 295 (Pseudokirchneriella subcapitata algae), were not considered and cannot be excluded entirely. Figure 1 and 296 Figure 6 shows that Cu, Ni and Zn are distributed in a different way across the anatomy; although environmental 297 exposure to Cu, Ni, and Zn induces metal concentration changes in the different tissues, metals generally already 298
show different distribution across the anatomy. In several studies by Nys et al., the toxicity of binary and ternary 299 combinations of Ni, Zn, Cu, and Pb on C. dubia reproduction could be best predicted based on the independent 300 action theory, which may indicate that different mechanisms of toxicity are present. 19, 33 The distribution among 301 different tissues may explain the occurrence of independent toxicity mechanisms. C. dubia is expected to be 302 more sensitive to metal exposure than D. magna. [34] [35] [36] Chronic exposure to Zn may cause hypocalcemia, i.e. 303 inhibition of Ca uptake 37 . For Zn and Ni, the respiratory uptake (gills) is expected to be the dominating uptake 304 and excretion route due to the low assimilation efficiency from food in D magna. 17 Similar to previous 305 observations on D. magna, Zn was distributed between the eggs, gut and gill tissue in the C. dubia specimen in 306 this work. 21, 38, 39 The applicability of the 3D imaging and segmentation approach for mechanistic studies, which highlighted by comparing the image registered by CSR and the image register by a rigid registration approach 320 based on adjacent sections, relative to the µ-CT data. Noise levels in the LA-ICPMS volume could be reduced 321 by pooling the information contained within mass channels associated with multiple isotopes of a single element. 322
Additionally, synchrotron radiation based µ-XRF merged with absorption µ-CT datasets provided 323 complementary information on the 3D trace level elemental distributions within these millimeter-sized model 324 organisms. The exposure of C. dubia to dissolved Cu, Ni, and Zn has introduced a distinct distribution of those 325 metals throughout the organism, which could be described in detail and quantified in individual anatomical 326 structures by segmenting the data in volumes-of-interest. A full 3D profile of the elemental and morphological 327 information of C. dubia obtained by merging data from all three analysis techniques contributed to a better and 328 representative assignment of the elemental distribution to specific tissues within the organism . Quantification 329 of tissue-specific concentrations could permit mechanistic pathways, linked to metal mixture toxicity, to be 330
unraveled. 331
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